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Abstract
Thermodynamic properties of ethanol-glycerol steam and dry reforming have been studied with the method of Gibbs free energy 
minimization for hydrogen production. Equilibrium compositions were determined as a function of H2O/ethanol-glycerol molar 
ratios (WEG)(1:1-12:1) for ethanol-glycerol steam reforming and CO2/ethanol-glycerol molar ratios (CEG)(1:1-12:1) for 
ethanol-glycerol dry reforming where ethanol-glycerol is 1:1; reforming temperatures at 573-1273 K and 1 bar pressure. 
Production trends for H2, CO, CO2 and C were compared between both steam and dry glycerol reforming. Steam reforming 
(WEG 1:1) produced the highest H2 (4.2 kmol) at 1173K. Dry reforming produced higher CO and CO2 compared to steam 
reforming. Higher WEG and CEG ratio did not encourage hydrogen formation. Carbon formation could be thermodynamically 
inhibited better when steam reforming is employed.
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1. Introduction
The recent global increase in energy consumption and environmental pollution elevate the need for cleaner and 
sustainable fuel. Hydrogen is considered as the most suitable alternative for future energy to reduce the dependence 
on fossil fuels and carbon emissions. Currently, hydrogen is produced from hydrocarbon reforming and electrolysis 
processes [1]. Both processes are practical but involved high processing cost due to the expensive feed price. Hence, 
a more reliable cheaper option to attain hydrogen is required, thus leading to new processes which are more 
environmentally friendly and economical for hydrogen production. Glycerol, a derivative of biodiesel production by 
transesterification of vegetable oils and acyl acceptor, has been considered a brilliant candidate for hydrogen 
production. Numerous on-going studies for the catalytic glycerol steam and dry reforming to hydrogen have been 
reported [1-3]. The combination of glycerol and ethanol, another renewable biomass to produce hydrogen seems to 
be an interesting yet potential research area to be further explored [2]. Glycerol and ethanol have similar basic
hydroxyl properties as they belong in the same functional group. By utilizing renewable biomass such as glycerol 
and ethanol, sustainable production of hydrogen can be realized. 
Production of hydrogen by glycerol steam reforming [3], ethanol steam reforming [5], glycerol dry reforming [6] 
and ethanol dry reforming [7] have been widely investigated individually. Little is known about the combination of 
glycerol-ethanol steam and dry reforming towards hydrogen and syngas. The combination of ethanol-glycerol for 
steam and dry reforming could be an attractive process and it is worth to compare both reforming reactions. Both 
steam and dry reforming possessed their own strength. Steam reforming employs H2O which is cheap, clean, easy to 
store and readily available. On the other hand, dry reforming enable the utilization of undesired CO2 gas to be 
converted into synthesis gas, thus reducing the amount of green house gases produced globally. This is a huge 
benefit and reduces the pressure on carbon capture and storage (CCS) technology in the quest to remove CO2 from 
the carbon biosphere cycle [8]. To the best of our knowledge, no literature has been reported regarding the 
comparison of such feed as ethanol-glycerol steam and dry reforming to hydrogen. Therefore, this thermodynamic 
analysis could be significant as a first step.
The aim of this work is to understand the possibility of ethanol-glycerol steam and dry reforming for hydrogen 
production and comparison of both methods by employing total Gibbs free energy minimization method. This study 
attempts to illustrate the effects of the process variables, H2O and CO2 to ethanol-glycerol ratio for steam reforming 
(WEG) and dry reforming (CEG),  towards temperature at 1 bar pressure. The comparative effects toward carbon
formation for both reforming were investigated as well.
2. Methodology
The minimization of the total Gibbs energy using HSC Chemistry software version 5.1 taking into account of 
chemical species involved is the approach of this investigation. The Gibbs program identifies the most stable species 
mixture and seeks out the phase compositions where the Gibbs energy of the system reaches its minimum at a fixed 
mass balance, constant temperature and pressure. Species considered in this study were ethanol, glycerol, CO2 and 
H2O as feed. On the other hand, H2, CO, CO2 and coke were the reaction products. Reaction products were 
assumed to be in thermodynamic equilibrium at the exit of the reactor. The total number of moles of the reactants 
including ethanol-glycerol and H2O or CO2 were fixed at 2. The operating temperature range was between 573 and 
1273 K while H2O:ethanol-glycerol (WEG) and CO2: ethanol-glycerol (CEG) ratios were 1:1, 3:1, 6:1, 9:1 and 
12:1. At all conditions, 1 bar pressure was used. Complete conversion of ethanol-glycerol and positive product 
yields were observed in all the cases, indicating the feasibility of the ethanol-glycerol steam and dry reforming 
process.
3. Results and discussion 
The study was primarily aimed at comparing the hydrogen production from both ethanol-glycerol steam and dry 
reforming. In addition, the production of carbon monoxide, carbon dioxide and coke were analyzed as well. The 
formation of hydrogen from ethanol-glycerol steam and dry reforming is illustrated in Fig. 1. Moles of hydrogen 
produced increases with the temperature. Rapid hydrogen production can be observed from WEG 1:1 and CEG 1:1. 
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However, WEG 12:1, CEG 12:1 and CEG 9:1 generate the lowest amount of hydrogen. The number of moles of 
hydrogen increases with increasing temperature, goes through a maximum between 873-1173 K, then slightly 
decreases at higher temperatures. It can be clearly observed that steam reforming reaction performed better than dry 
reforming for each equivalent ratios of WEG and CEG. From steam reforming, the best performing WEG ratio is 
1:1 at temperature 1173K which produced about 4.2 kmol H2. The best performing dry reforming is CEG 1:1, also 
at the same temperature as former (3.3 kmol H2). Moles of hydrogen decreases together with CO2 over specified 
temperature (Fig 2). When hydrogen production is at a maximum, moles of CO increases. This can be explained by 
the water gas shift reaction (Eq. 1).
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Fig. 1. Moles of H2 formation from ethanol-glycerol steam and dry reforming at 1 bar pressure.
Temperature (K)
573 673 773 873 973 1073 1173 1273
C
O
2 
(k
m
ol
)
0.0
0.2
0.4
0.6
0.8
1.0
CEG 1:1 
CEG 3:1 
CEG 6:1 
CEG 9:1 
CEG 12:1 
WEG 1:1 
WEG 3:1 
WEG 6:1 
WEG 9:1 
WEG 12:1 
Fig. 2. Moles of CO2 formation from ethanol-glycerol steam and dry reforming at 1 bar pressure.
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Fig. 2 illustrates moles of CO2 versus temperature for steam and dry reforming at 1 bar pressure. CO2 is 
imperative product since it can be converted to synthesis gas [9]. Generally, moles of CO2 at equilibrium reach a 
maximum between 700K and 800K. This could be attributed to the reformation of CO2 with CH4 where high 
temperature favours the conversion of CO2 [10]. A significant result that can be observed is the fact that all dry 
reforming reactions outperform steam reforming reactions in the formation of CO2. This is the direct result of 
employing CO2 for the dry reforming process. 
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Fig. 3. Moles of CO formation from ethanol-glycerol steam and dry reforming at 1 bar pressure.
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Fig. 4. Moles of coke formation from ethanol-glycerol steam and dry reforming at 1 bar pressure.
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At temperature lower than 773 K, formation of CO can be considered negligible. Fig. 3 shows moles of CO2
versus temperature for steam and dry reforming at 1 bar. Low CEG/WEG and high temperature favour CO 
production. High concentration of CO in equilibrium is not feasible for hydrogen application in fuel cell. However it 
provides a good prospect for synthesis gas production. It can also be observed that dry reforming outclassed steam 
reforming in each equivalent ratios, a direct result from having CO2 in the reactant.
CO(g) + H22Jļ+2(g) + CO2(g)
&2Jļ&22(g) + C(s)                        
Fig. 4 illustrates moles of coke (C) versus temperature for steam and dry reforming at 1 bar. These reactions are 
easily influenced by operational parameters due to their relatively lower equilibrium constants [10]. It can be 
observed from Fig. 4 that disproportionation reaction, notably known as Boudard reaction (Eq. 2) is predominant. 
The existence of carbon can poison catalysts in reforming reactions. However, as can be observed, no carbon is 
produced under conditions which are optimized for hydrogen production for both steam and dry reforming. Moles of 
carbon increase with the decrease in CEG and WEG but decrease with increasing temperature. Carbon is suppressed 
for WEG 3:1 to 12:1 at temperature range covered in this study (marked in black labels in Fig 4), thus indicating that 
steam reforming reaction tends to produce zero carbon. Between both reforming reactions, more coke was formed 
from dry reforming, mainly due to the availability of more carbon atom. The amount of solid carbon determined 
from experiments is usually larger than that from thermodynamic analysis. This is mainly due to the fact that once 
carbon is formed it is readily accumulated.
Conclusion
Thermodynamic equilibrium favours the production of hydrogen and syngas production. Ethanol-glycerol steam 
reforming at WEG 1:1 produced the highest hydrogen at 1173K and 1 bar. It can be concluded that ethanol-glycerol 
steam reforming is preferred to produce hydrogen compared to ethanol-glycerol dry reforming. Under optimum 
condition to yield maximum hydrogen, carbon formation is suppressed, thus diminished the chances of potential 
catalyst deactivation.
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